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Introduction
During service conditions outdoor insulators have to withstand various types of electrical, mechanical and environmental stresses. For reliable transmission of power, performance of outdoor insulators under contaminated and polluted conditions is of prime importance. Outdoor insulators need to withstand all the electrical, mechanical and environmental stresses during service conditions. During the past few decades, different types of polymeric materials have been developed. Polymeric insulators are replacing porcelain and glass insulators in transmission and distribution industry due to their hydrophobic nature [1] . Previous research indicates that polymeric materials are vulnerable to local stresses due to their organic nature [1, 2, 3] . Different environmental conditions e.g. UV radiation, rain, wind, humidity, temperature and air pollution contribute to the erosion and degradation of polymer insulators [4] . Pollution deposition on the insulator surface in combination with moist conditions lead to partial discharges on the insulator surface and possibly flashover. Due to the weaker chemical bonding between polymeric molecules as compared to porcelain and glass, they are more susceptible to chemical changes due to corona, partial discharges and flashovers [5] . During rain or cold fog, the presence of discrete water droplets on the polymer insulator surface increase the electric field intensity and resulting in corona and partial discharges [6] .
Surface corona and partial discharges result in insulator ageing and loss of hydrophobicity. The electric field intensification and ageing of polymer insulator due to water droplets has been investigated by many researchers in the past [7, 8, 9, 10] . The loss of surface hydrophobicity encourages the formation of continuous pollution layer on the insulator. Pollution deposition along the insulator surface is not uniform and depends on various factors e.g. wind velocity and direction, distance from shore line, geographical location etc. The non-uniform pollution deposition leads to non-linear current density and subsequently non-linear electric field distribution along the insulator surface. The high electric field stress at certain areas of insulator surface leads to dry band formations, surface discharges and under certain conditions flashover [11] . Electric field distribution along a uniformly polluted polymeric insulator was studied in [12] . Effect of pollution severity on electric field distribution was studied and concluded that electric field intensity increases with increase in pollution severity. The presence of dry band along the insulator surface and its effect on the electric field distribution has been discussed in [13] . The study of electric field distribution along polymeric insulators is very important for understanding the discharge mechanism and pollution flashover. Moreover, electric field study gives an indication of the possible damage and service life of insulator under contaminated conditions [14, 15] . Electric field measurement could also be used as a diagnostic tool to detect invisible defects in polymer insulators. These internal defects usually occur at the interface of Fibre Reinforced Plastic (FRP) core and polymer weather sheds. Electric discharges at these points due to high electric field burns the fibres and weaken the mechanical strength of FRP core [16, 17] . Although electric field and potential distribution along polluted insulator has been studied by many researchers, very little knowledge exist about the effect of dry band location and partial pollution on electric field distribution. The major cause of dry band formation is the power dissipation along the insulator surface due to the flow of leakage current. To the best of our knowledge, no numerical study exists to define the threshold value of power dissipation for dry band formation. In this paper electric field and potential distribution along a standard 33 kV polymeric insulator has been studied first for clean insulator and then under various contaminated conditions. A commercial simulation package Comsol Multiphysics is used for simulations based on finite element method. The electrostatic formulation of AC/DC physics was used for all simulations. Effect of pollution severity, pollution layer thickness, dry band width and location on the electric field and potential distribution has been studied in detail. The non-uniformity of pollution layer in service conditions has been investigated by implying various combinations of nonuniform pollution on shed and core regions. 
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Simulation method
A standard 33 kV silicone rubber insulator was used for simulation. The insulator consists of a fibre reinforced plastic rod as a load bearing structure, silicone rubber as weather shed material and copper end fittings and shown in Figure  1 . The insulator and material properties are given in Table  1 . Partial differential equations based on Maxwells equation and finite element method was used for simulations. Surface of insulator is divided into large numbers of non-overlapping sub-domains called finite elements [18, 19] . These finite elements can be of any shape depending on the overall geometry but triangular elements were chosen for this specific case. This division into finite elements makes the calculation simple and easy and results in the global solution of the whole system. To minimize the processing time and complexity a 2D geometry of silicone rubber insulator is considered in this paper. Very large number of finite elements can improve the accuracy but also increase the processing time and a trade-off between accuracy and computational time has to be made. Figure 2 shows a meshed model of the insulator intended for simulation. Meshing was applied manually to the geometry so that more refined meshes can be applied to the region of interests for improved accuracy. An air boundary is considered around the insulator model so that the effect of external forces on electric field and potential distribution can be minimized. The pollution layer along the insulator surface was modelled as a conductive water layer and conductivity of water layer was changed to simulate the effect of pollution severity level. Electric field along the insulator surface can be calculated directly from the potential distribution by subtracting the potential gradient from it [20] .
Maxwells equation could be used to calculate the change in electric field:
Where and are the resistivity and dielectric constants of material respectively. Equation (1) and (2) can be combined to obtain the Poissons equation [21] .
Poissons equation will become a Laplace equation if there is no space charge present:
Sample configurations
A standard 33 kV polymeric insulator shown in Figure 1 was used for simulation. A total of 8 configurations were tested as shown in Figure 3 (a)-(h). For simplicity, certain portions of insulator specifying the pollution layer and dry band location are shown in Figure 3 . Clean insulator is used as a reference point for all other cases so that a relation can be established between electric field, potential and the corresponding pollution condition.
4 Results and discussions
Clean insulator
Electric field and potential distribution in the case of a clean, 33 kV polymeric insulators are shown in Figure 4 . In the case of clean insulator, very little current known as displacement current is flowing through the surface. The electric field distribution along clean insulator is capacitive in nature due to the flow of displacement current. The potential distribution for a clean and dry insulator is dependent on the self-capacitance of the insulator surface and any added stray capacitance. The threshold value of electric field intensity for corona initiation along clean insulator surface was investigated experimentally in [22] and found out to be 22.8 kV/cm. The results of Figure 4 show that, electric field intensity is maximum at the electrode junction and symmetrical around the insulator. Potential distribution is non-linear due to the capacitive behaviour of clean insulator surface. The line graph of Figure 5 shows the non-linearity of potential distribution. Figure 6 shows that electric field intensity is high at metal electrodes and at the junction of shed and sheath region.
Uniform pollution
Potential distribution along a uniformly polluted insulator is shown in Figure 7 . Pollution layer conductivity was varied to simulate light, medium, heavy and very heavy pollution. In the case of uniform pollution layer, potential distribution was affected by pollution severity level. As the pollution conductivity was increased, conduction current along the surface changes and affect the potential distribution. For a very heavy pollution severity level, potential distribution is linear while for light pollution potential distribution has negligible changes as compared to clean insulator. Electric field intensity at the electrode junction decrease with increase in pollution severity and a near to uniform electric field distribution was observed. Electric field intensity increased with increase in pollution conductivity and highest electric field stress was observed in the case of very heavy pollution shown in Figure 8 . The electric field stress near the junction of shed and sheath region was found to be high as compared to other locations. This might be due to the small radius of curvature of the junction regions. Minimum electric field stress was observed at the tip of shed region as shown in Figure 9 .
Partial pollution
Pollution distribution on real insulators may not be uniform as studied in section 4.2. Pollution deposition on practical insulators depends on insulator orientation, geometry, rain, wind speed and direction etc. The top surface of a horizontally located insulator may be less polluted as compared to bottom surface due to wind and rain. The same may be true for bottom surface due to wind direction and insulator geometry. This phenomenon was investigated by applying the pollution layer on top and bottom surface independently and electric field and potential distribution were calculated. As can be seen in Figure 10 potential distribution for partially polluted insulator is non-linear as compared to uniform pollution where potential distribution becomes linear when the pollution conductivity increased. Electric field distribution was found to be non-linear as compared to uniform pollution layer. 
Pollution layer thickness
As mentioned above, pollution distribution along the insulator surface is not uniform. Pollution layer thickness along the surface may change due to various conditions. Pollution layer thickness was varied from 0.5 cm to 2.0 cm in steps of 0.5 cm to study the effect of pollution layer thickness on electric field and potential distribution. Medium pollution severity was chosen for this simulation. Figure 11 shows the potential distribution for various pollution layer thicknesses. For 0.5 and 1.0 cm pollution layer thickness, the potential distribution was non-linear but for 2.0 cm, pollution distribution was found to be linear. Electric field intensity increased with increase in pollution layer thickness. The effect of increase in pollution conductivity and layer thickness on electric field intensity was found to be identical. Electric field distribution for various layer thicknesses is shown in Figure 12 .
Dry band modeling
Dry bands formation along the surface of outdoor insulators is a very important phenomenon. It has been investigated in literature that the flashover performance of outdoor insulators is greatly influenced by the formation of dry bands [23, 24, 25] . Electric field enhancements due to dry band formation have also been investigated in [26] . The previous literature does not consider the location of dry bands and it is assumed that dry band forms near the high voltage electrode of insulator due to the high electric field stress at that location. Although this assumption might be true in certain conditions, but dry band formation is also influenced by pollution distribution, power dissipation and the resultant Joule heating along the insulator surface. Six dry band locations were considered in this section; dry band at high voltage end, ground end, middle part, shed region, sheath region and junction of shed and sheath region. Potential distribution was found to be non-linear in all cases and the highest voltage drop occurred across the dry band along the insulator surface. Electric field distribution for a dry band at ground end was found to be similar to that of dry band at high voltage end, and therefore was not reported here. Similarly, the dry band at middle part has the same effect as of sheath dry band. Figure 13 shows the electric field distribution for different dry band location.
Heat generations along the insulator surface
Dry band forms along the insulator surface due to non-uniform pollution distribution. Leakage current is driven along the insulator surface due to the applied electric stress. Due to Joule heating, the flow of current through a conducting pollution layer will generate heat and resulting in dry band formation. The width of dry band depends on the amount of heat generated at certain location along the surface. Furthermore, electric field distribution is also effected by the amount of heat generated [26] . The heat generation also starts chemical degradation due to the dielectric loss of the insulating material resulting in ageing and breakdown. Heat generated along a standard 33 kV silicone rubber insulator is investigated in this paper with various pollution severity and dry band conditions. Mathematically heat generated along a solid dielectric under AC voltages can be calculated using the following relation [26] .
(a) dry band at high voltage end (b) dry band at core (c) dry band at shed (d) dry band at junction Fig. 13 : Electric field distribution for variousdry band locations tan(ρ) and ε r are the loss tangent and relative permittivity of silicone rubber. E is the maximum electric field stress along the insulator surface and f is the power frequency.
Power dissipations in pollution layer
Power is dissipated along the insulator surface due to the flow of leakage current along the insulator surface. The amount of power dissipated at any point along the insulator depends on the pollution density and subsequently leakage current density. Power dissipation results in joule heating and dry band formation along the surface. Mathematically, power dissipated at any specific location will depend on the surface resistance and leakage current.
Where R is dependent on the pollution layer thickness t, length and pollution layer conductivity ρ.
The current density in the pollution layer can be expressed as:
Where E is the electric field intensity at any point along the insulator surface. By replacing the eq. (6) and (8) in (5) we obtained the following relation.
Using eq. (10) the dissipated power in the pollution layer per unit area and per unit volume can be calculated.
The above equation can be used to calculate the power dissipated in a polluted outdoor insulator and predict the dry band formation based on the power dissipation.
Conclusion
Numerical simulations of electrical field and potential distribution were carried out to study the effects of various parameters. It was found out that potential distribution is more effected by pollution severity, conductivity and location. Pollution distribution becomes uniform with increase in severity and conductivity. Electric field distribution was much more effected by dry band formation rather than pollution severity and conductivity. For uniform pollution electric field intensity at electrode ends and at the junction of shed and sheath region was found to be very high as compared to other parts of the insulator surface. In the case of dry bands, all voltage drops occurs along the dry bands and electric field intensity was found to be high at the edges of dry bands. This high electric field intensity at the edges of dry bands facilitates partial arcs and under certain conditions may lead to flashovers. These partial arcs also result in ageing and degradation of insulator surface due to their organic nature. These results could be used for the diagnostic of polymer insulator used in wet and polluted environments.
The results presented here are the preliminary work and it is intended to perform experiment to support these numerical results.
